up-regulated by physical activity, both at the mRNA and the protein level, which is indeed responsible for the increases in the levels of systemic IL-6 concentration after exercise in rodents and human subjects [3] [4] [5] [6] . Importantly, IL-6 was shown to have positive effects on skeletal muscle glucose disposal [7, 8] , and accumulating evidence demonstrated that some of the beneficial effects of exercise might be mediated by exercise factors including IL-6 [9] . Thus, understanding of the mechanistic details of IL-6 expression in skeletal muscles in response to their contractile activity is an important issue, with health implications especially for patients with type 2 diabetes.
A key issue in understanding the effect of contractile activity on IL-6 up-regulation is to clarify the intracel-
materials and methods

Materials
Cell culture equipment was purchased from BD Biosciences (San Jose, CA, USA).
Dulbecco's Modified Eagle Medium (DMEM), penicillin/streptomycin and Trypsin-EDTA were purchased from Sigma Chemicals (St. Louis, MO, USA). Calf serum (CS) and fetal bovine serum (FBS) were purchased from BioWest (Nuaille, France). The Western blot detection kit (West super femto detection reagents) was purchased from Thermo Fisher Scientific Inc. (Rockford, IL, USA). Immobilon-P was purchased from Millipore Corp. (Bedford, MA, USA). Bovine serum albumin (BSA) was purchased from Wako (Osaka, Japan). The enzyme-linked Immunosorbent Assay (ELISA) kit for IL-6 was obtained from eBioscience (San Diego, CA, USA). Unless otherwise noted, all chemicals were of the purest grade available from Wako or Sigma Chemicals.
Cell culture
A mouse skeletal muscle cell line, C2C12 myoblast [19] , was grown on 4-well plates (BD Biosciences) at a density of 0.5 × 10 5 cells/well in 5 mL of growth medium. Briefly, C2C12 myoblasts were culture in the growth medium, DMEM containing 25 mM glucose (high glucose; HG) supplemented with 10% FBS, 100 µg/mL penicillin, and 100 µg/mL streptomycin, at 37°C under a 5% CO 2 atmosphere for 3-4 days until ~80-90% confluence (day 0). Differentiation was then induced by switching the growth medium to DMEM supplemented with 2% CS, 1 nM insulin, 30 µg/mL penicillin, and 100 µg/mL streptomycin (differentiation medium) [20] . The differentiation medium was changed every 24 hours. The cells were then incubated in DMEM containing 5 mM (low glucose; LG) or 25 mM (HG) glucose under the indicated conditions.
Electrical pulse stimulation (EPS)
Five to six days after differentiation, the differentiated C2C12 myotubes in 4-well plates were placed in a chamber for EPS (C-Dish, IonOptix, Milton, MA). EPS was applied to the cells in the C-Dish using a C-Pace pulse generator (C-Pace 100, IonOptix, Milton MA). The stimulator was set to deliver a pulse with a 2-ms duration, 40 V/60 mm voltage and 0.1 or 1 Hz frequency [17] . The cells in the C-Dish were placed inside a humidified incubator at 37°C under 5% CO 2 atmosphere. lular signaling mechanisms by which cells can decipher and respond to a highly complex mechanical stimulus associated with acute energy fluctuations, which is apparently further influenced by environmental circumstances including blood flow and nutrient conditions as well as various humoral factors including autocrine/paracrine factors derived from working skeletal muscles. Indeed, several studies have demonstrated that glucose availability and/or muscle glycogen contents influenced the rate of IL-6 expression and the release from working skeletal muscle [10] [11] [12] and that exercise-induced IL-6 production is significantly augmented under low glycogen conditions in muscle [13, 14] . In addition, several lines of evidence indicated that levels of IL-6 expression in skeletal muscle was modulated by various cytokines including IL-6 itself [15, 16] . However, the precise molecular mechanism by which exercise regulates IL-6 expression under diverse nutritional circumstances is poorly understood, which is at least partially due to limitations stemming from the conventional in vivo exercise experiments that make it difficult to precisely control nutritional/ humoral circumstances in vivo.
We recently succeeded in establishing an advanced in vitro muscle exercise model using highly developed C2C12 myotubes possessing electric pulse stimulation (EPS)-evoked vigorous contractile activity. Importantly, we have observed that these highly developed C2C12 myotubes displayed some important aspects of beneficial effects of exercise such as improved insulin sensitivity and fiber type switching after EPS-evoked contractile activity [17] . In addition, the contractile C2C12 myotubes appeared to have the ability to secrete various chemokines/cytokines including IL-6 and CXCL1/KC in response to EPS [17, 18] , approximating those observed in working skeletal muscle in vivo [17] . In order to understand exercise-induced IL-6 up-regulation in working skeletal muscles, we took advantage of our in vitro exercise model and investigated the characteristics of IL-6 production from the C2C12 myotubes in response to EPS-evoked contractile activity in detail. In addition, we attempted to clarify possible influences of CXCL1/ KC, a newly identified myokine, on the EPS-evoked IL-6 expression in contractile myotubes. The effects of ambient glucose levels on IL-6 expression were also investigated. IL-6 expression in contracting C2C12 myotubes employing a Determiner GLE (Kyowa Medix, Tokyo Japan) with the positive control being 0.1 mg/mL glycogen (Sigma G-8876, Type III, Rabbit liver). SpectraMax M5 was used with the SoftMAX Pro Windows software program (Molecular Devices, Japan).
Statistical analysis
All data are presented as means and standard errors of the mean (S.E.). Statistical analysis was performed using Student's paired t-test. For analysis of the time course of IL-6 production, a one-way ANOVA was applied to determine significant differences between trials. Statistical significance was accepted at p<0.05. Each experiment was repeated at least three times.
Results
Effects of EPS-evoked contractile activity on the acquisition of IL-6 production
To investigate the effects of EPS-evoked contraction on the acquisition of IL-6 production in C2C12 myocytes, we applied EPS at 40V/60 mm, 2 ms and 1 Hz to C2C12 undifferentiated myoblasts and differentiated myotubes for 24 h [17, 18] . LG-DMEM containing 5 mM glucose was used and conditioned media with or without 24 h EPS were collected for determining the amount of released IL-6 by ELISA. As we previously reported [17, 18, 21] , vigorous contraction in response to EPS was observed in C2C12 myotubes, but not in myoblasts (data not shown). In C2C12 myoblasts, no IL-6 production was observed even after EPS. In contrast, a large amount of IL-6 was secreted from contractile C2C12 myotubes exposed to 24 h of EPS ( Fig. 1A) , as we previously reported [17] . IL-6 release from myotubes depended on the frequency of EPS, and EPS at 0.1 Hz resulted in less IL-6 production than that at 1 Hz (Fig. 1B) . The time course of the experiment revealed that the acquisition of IL-6 production is not acutely induced after short term EPS, but rather requires EPS longer than 12 h despite the fact that C2C12 myotubes started to contract after 1-2 h of EPS, which concomitantly lead to increased secretions of both CXCL1/KC and CXCL5/LIX [18] .
To investigate the possibility that CXCL1/KC and CXCL5/LIX, both of which are released in response to EPS-evoked contraction within 1-3 h [18] , could mediate and/or influence the acquisition of EPS-induced IL-6 production in this culture system, we examined the effects of SB225002, an antagonist for CXCR2
ELISA for IL-6 concentration
Conditioned media were collected at the indicated time point and stored at -20ºC until IL-6 analysis. The concentration of IL-6 secreted into the culture media was measured using the Mouse Interleukin-6 ELISA Ready-SET-Go! (eBioscience) according to the manufacturer's instructions (detection limit: 4 pg/mL). Three or four independent experiments were performed for each experimental condition.
Real-time PCR analysis of gene expression
Total RNA was prepared using the TRIzol reagent (Invitrogen) and quantitative real-time PCR analysis was performed using the Light Cycler instrument and SYBR Green detection kit (Roche Diagnostics, IN, USA). Primers for IL-6 (mouse IL-6 LightCycler TM -Primer Set, GenBank Accession: NM_031168) were purchased from Nihon Gene Research Laboratories Inc. (Japan). Primers for β-actin as a control were: 5'-CGT TGA CAT CCG TAA AGA CCT C-3' and 5'-AGC CAC CGA TCC ACA CAG A-3'.
Western blot analysis
Cells were lysed with lysis buffer (30 mM Tris pH 7.4, 100 mM NaCl, 1 mM EDTA, 1% Triton X-100, 2.5 mM NaF, 2 mM NaPP, 1 mM Na 3 VO 4 , 1 mM PMSF, 10 µg/mL aprotinin, 1 µg/mL pepstatin, 5 µg/mL leupeptin), and protein amount was determined using the bicinchoninic acid assay (BCA; Thermo Fisher Scientific Inc.). The harvested proteins were then subjected to sodium dodecyl sulphate polyacrylamide (10%) gel electrophoresis (SDS-PAGE) and transferred to a polyvinylidene difluoride (PVDF) membrane (Immobilon-P; Millipore) for Western blot analysis. Immunodetection of each protein was achieved with the primary antibodies (anti-NFAT/c1 and anti-β-actin antibodies) and horseradish peroxidase-conjugated secondary antibodies, followed by SuperSignal Femto chemiluminescence substrate (Thermo Fisher Scientific Inc.).
Determination of glycogen content
Cells were lysed with 50 µL/well of lysis buffer (0.6% perchloric acid and 0.2 M Na-acetate, pH 4.8), sonicated (Sonics Vibra Cell) and kept at -20ºC until analysis. After addition of 4 µL of 1 M KHCO 3 and 4 µL of 10 mg/ mL amyloglucosidase (Roche), cell lysates (40 µL) were incubated at 37ºC for 2 hours. The lysates were then centrifuged at 15,000 rpm for 10 minutes and the glucose concentration (derived from glycogen) was determined serving as a common receptor for both CXCL1/KC and CXCL5/LIX, on EPS-induced IL-6 production ( Fig. 2A ). Administration of SB225002 during the 24 h of EPS did not influence IL-6 production, indicating that activation of CXCR2 by these CXC chemokines released from contractile C2C12 myotubes was not directly involved in the acquisition of IL-6 production elicited by EPS-evoked contraction. Consistent with this observation, exogenous administration of either CXCL1/KC or CXCL5/LIX failed to induce IL-6 production at least during the 24 h of EPS ( Fig. 2B ). 
Effects of glucose availability and insulin on EPSinduced IL-6 production and cellular glycogen contents along the course of acquisition of contractility
We next examined the effects of extracellular glucose levels on IL-6 production in response to EPSevoked contraction in C2C12 myotubes. Differentiated C2C12 myotubes were treated with or without 24 h EPS in either LG-DMEM or HG-DMEM, and IL-6 production ( Fig. 3A) , IL-6 mRNA expression ( Fig.  3B ) and cellular glycogen content ( Fig. 3C ) were monitored. After 24 h of EPS-evoked contractile activity, obvious augmentation of IL-6 release and its mRNA expression was observed; however, under HG conditions these increments were significantly blunted. As expected, cellular glycogen contents were significantly higher in C2C12 myotubes cultured under HG conditions than in those cultured under LG conditions (Fig. 3C ). Importantly, EPS appeared to be capable of increasing cellular glycogen contents in C2C12 myotubes, and this effect of EPS was obvious when the myotubes were subjected to EPS under HG conditions (Fig. 3C) .
We also examined the effects of insulin (100 nM) during 24 h of EPS and found that insulin tended to potentiate EPS-induced IL-6 release and mRNA expression, though the increases did not reach statistical significance. Insulin itself had no stimulatory effect on IL-6 production in terms of either protein or mRNA levels. In addition, we found that insulin-induced glycogen accumulation was markedly enhanced in C2C12 myotubes subjected to 24 h of EPS-evoked contraction. Taken together, these data demonstrate that EPS-induced IL-6 production is markedly affected by glucose availability (Fig. 3A and B) , which in closely associated with cellular glycogen contents (Fig. 3C ).
Analysis of intracellular signals involved in IL-6 production evoked by EPS-induced contraction
In our previous studies, we demonstrated several intracellular signalling cascades including Erk1/2 and JNK was stimulated by EPS [17, 18] . To characterize the intracellular signals involved in the up-regulation of IL-6 in response to EPS-induced contraction in C2C12 myotubes, we utilized various inhibitors that interfere with specific intracellular signalling cascades. As shown in Fig. 4A, cyclosporine A (CsA) , an inhibitor of calcineurin, a calcium-activated phosphatase, completely abolished EPS-induced IL-6 release under both LG and HG conditions. In contrast, a specific inhibitor for JNK, SP600125, did not blunt, but rather increased, EPS-induced IL-6 production ( Fig. 4B) .
No obvious effect of SB203580, an inhibitor of p38 MAP-kinase, on the EPS-induced IL-6 production was observed (Fig. 4C ). It should be noted that CsA, but not other inhibitors, showed slight inhibitory effects on the acquisition of contractile activity induced by EPS (data not shown).
Cellular glycogen contents and EPS-induced IL-6 production in C2C12 myotubes
We further characterized the relationship between cellular glycogen contents and IL-6 expression induced by EPS-evoked contractile activity (Fig. 5 ). The C2C12 myotubes that underwent pre-exposure to 20 h of EPS under LG conditions, allowing them to become competent in terms of IL-6 production in response to EPS (Fig. 1C) , were then supplemented with 1, 5 or 22.5 mM of glucose, and the cells were incubated for an additional 4 h with EPS ( Fig. 5A ). After 24 h (20 + 4 h) in total of EPS, we measured IL-6 mRNA expression levels (Fig. 5A ) and cellular glycogen contents (Fig. 5B) to specifically assess the effects of ambient glucose levels during the last 4 h of EPS. Cellular glycogen levels were very low in C2C12 myotubes after 24 h of EPS under continuous LG conditions (with no additions), but administration of glucose significantly increased cellular glycogen levels during the last 4 h of EPS in a dose-dependent manner (Fig. 5B) . Importantly, administration of glucose dose-dependently suppressed the IL-6 mRNA levels elicited by EPS-evoked contraction ( Fig 5A) . However, administration of pyruvate, a glucose metabolite capable of entering the TCA cycle but which cannot be directly utilized for glycogen synthesis [22] , failed to suppress IL-6 mRNA expression ( Fig. 5A ) with no glycogen accumulation (Fig. 5B) .
Although EPS increased dephosphorylation of NFAT/c1 (as assessed by its electrophoretic mobility in SDS-PAGE) (Fig. 5C ), a downstream substrate of calcineurin that appears to be involved in the acquisition of EPS-induced IL-6 production ( Fig. 3A) , administration of either glucose or pyruvate for the last 4 h of EPS did not reverse the EPS-induced mobility shift of NFAT/c1. Note that administration of CsA significantly suppressed the mobility shift of NFAT/c1. 
Discussion
Because of highly complex interrelated stimuli evoked by muscle contractile activity, physiological responses of working muscle to physical exercise have mainly been assessed using exercising animal models and human subjects [15, 23] . Recently, we established an advanced in vitro muscle contraction model using cultured myotubes displaying vigorous EPSevoked contractile activity [17, 18, 21] . This model has increasingly been utilized by other researchers for investigating molecular mechanisms underlying various biological responses induced by actual contractile activity of muscle cells [24] [25] [26] [27] .
In the present study, we observed that acquisition of IL-6 up-regulation in response to EPS-evoked contractile activity was remarkably delayed as compared to the inititation of contraction-inducible CXC chemokines release [18] (Fig. 1) , despite the EPS-dependent intracellular Ca 2+ ([Ca 2+ ] i ) transients being immediately elicited, leading to acquisition of obvious contractility within 1 h as well as to increased secretion of these CXC chemokines [17, 21] . Since 30 min of treadmill running was capable of inducing IL-6 expression in working muscles in rodents [5, 17, 26] , the contractile C2C12 myotubes apparently require a much longer period of time to acquire the ability to secrete IL-6 in response to contractile activity than do in vivo skeletal muscles. Thus, caution must be exercised in interpreting data obtained from an in vitro exercise model and it is quite difficult to directly compare the results obtained with in vivo data. However, our present study provides several important insights into the regulation of IL-6 expression in response to contractile activity of muscle cells. One of the explanations for the discrepancy between in vivo and this in vitro model is that the acquisition of IL-6 secreting capability may represent the maturation of regenerating muscle fibers.
Contraction-inducible CXC chemokines and EPSinduced IL-6 regulation
First, it was clearly demonstrated that CXCL1/KC and CXCL5/LIX, both of which began to be secreted from contractile C2C12 myotubes within approximately 1 h of EPS [18] , did not influence IL-6 expression in this culture system ( Fig. 2A and B) . These observations establish that the CXC chemokines do not serve as crucial autocrine factors, at least for this event. It is noteworthy, however, that our previous 
Intracellular glycogen accumulation and EPSinduced IL-6 regulation
Third, a striking observation made in the present study is that administration of glucose to maturated contracting myotubes efficiently dampened the IL-6 mRNA expression in a dose-dependent manner along with intracellular glycogen accumulation, whereas pyruvate completely failed to mimic these glucose actions (Fig.  5 ). While simple cell culture experiments with 24 h of EPS exposure under HG-and LG-DMEM conditions also indicated possible links among ambient glucose availability, intracellular glycogen contents and EPSinduced IL-6 expression/secretion levels in contractile myotubes (Fig. 3) , as shown in previous in vivo studies [12, 14] , the aforementioned acute nutritional manipulation experiments further support the notion that glycogen accumulation, but not simply energy source supply, is involved in attenuations of contraction-induced IL-6 expression in muscle cells.
Intriguingly, however, delayed administration of glucose failed to reverse the CsA-sensitive EPS-induced mobility shift of NFAT/c1 (Fig. 5C ), suggesting that the impacts on IL-6 expression of glucose availability along with intracellular glycogen accumulation are likely mediated through other intracellular signaling pathway(s), rather than the calcineurin-NFAT/c1 signaling cascade, which had a distinct role in the acquisition of contraction induced IL-6 production. In this regard, a previous in vivo study demonstrated that low pre-exercise intramuscular glycogen content enhanced IL-6 mRNA expression during 60 min of exercise concomitantly with increased nuclear abundance of phosphorylated p38 MAP kinase in human subjects [30] , although direct links among these phenomena were not fully investigated. Thus, a future study will be necessary to clarify details of the possible cross-talk between the stress-responsive MAP kinases and calcineurin signaling cascades under intracellular glycogen titrated conditions by manipulating ambient glucose levels as well as the duration of glucose availability and the timing of administration during culture.
Glycogen accumulation and EPS-evoked contractile activity
Another key observation reported in the present study is the unexpectedly enhanced glycogen accumulations in contracting myotubes during 24 h of EPS under HG conditions (Fig. 3C ). It has been well established employing in vivo studies that intracellular glyco-report revealed that these contraction-inducible CXC chemokines have autonomous autocrine loops exerting negative feedback on their own secretions [18] , and IL-6 reportedly has a positive feedback loop in skeletal muscles [15] .
Intracellular signals involved in EPS-induced IL-6 regulation
Second, pharmacological experiments demonstrated that CsA-sensitive calcineurin activity appears to be essential for the acquisition of IL-6 production during 24 h of EPS (Fig. 4A) . Given that contraction-inducible CXC chemokines were up-regulated via JNK-, but not calcineurin-, mediated signaling cascades [18] , expressions of each of these exercise factors appears to be differently regulated at the levels of signaling intermediates upon deciphering the complex contractile activity of muscle cells. In an excellent agreement with our observations, previous reports have indicated involvement of calcineurin activity in exercise-induced IL-6 expression in vivo as well as in ionomycin-induced IL-6 expression in vitro [23, 28, 29] . On the other hand, several lines of evidence have also indicated the involvement of JNK in exercise-induced up-regulation of IL-6 in working skeletal muscle [30] as well as in the EPS-evoked contracting myotubes [26] . Indeed, various stimuli such as lipopolysaccharides, inflammatory cytokines [31] [32] [33] [34] , reactive oxygen species [35] and epinephrine [36] have also been shown to increase IL-6 expression in skeletal muscle cells, which are mediated at least in part through the activities of JNK and p38 MAP kinase. In fact, we observed in the present study that inhibition of JNK by SP600125 resulted in a slight increase, rather than a decrease, in IL-6 secretion under both basal and EPStreated conditions (Fig. 4B ). Furthermore, our previous report revealed that the inhibition of p38 MAP kinase by SB-203580 significantly enhanced JNK phosphorylation [18] , possibly due to the regulatory loop acting on the JNK-p38 activation system involving a DUSP family of dual-specificity phosphatases [37] . Thus, our present data using pharmacological inhibitors did not allow us to rule out the possibility that JNK and p38 MAP kinase play a role in the regulation of IL-6 expression in response to EPS-evoked contractile activity in concert with the CsA-sensitive signaling cascade, especially under certain nutritional conditions (as discussed in detail in below). data further strengthen our previous reports that the "in vitro contraction model" can faithfully display one of the most important aspects of the beneficial effects of exercise, i.e. improvement of insulin responsiveness in terms not only of GLUT4 translocation [17] but also of glycogen accumulation.
Since several lines of evidence demonstrated IL-6 to have the ability to increase glucose metabolism as well as insulin actions in skeletal muscles [44, 45] , future studies are anticipated to focus on whether the IL-6 released from the contracting myotubes serves as an autocrine factor improving the insulin responsiveness and/or augmented glycogen accumulations observed in EPS-treated cells in this culture system. Finally, given that insulin alone had no impact on IL-6 expression without EPS but tended to potentiate EPS-induced IL-6 up-regulation even under HG conditions with remarkable increases in glycogen accumulation, IL-6 regulation in response to EPS-evoked contractile activity is apparently dependent on various cellular contexts and is subject to highly complex regulatory mechanisms. While interrelations/cross-talks between insulin-and EPS-induced intracellular signaling cascades have yet to be examined, it is highly likely that insulin stimulation alters EPS-induced IL-6 regulation by modulating these intracellular signals in addition to glycogen accumulation. Further studies will be necessary to resolve this important issue.
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gen contents in working muscles decrease during physical exercise and are eventually depleted by a sufficient amount of exercise [38] , even though both enhanced glucose transport mediated via GLUT4 translocation [39] and activation of glycogen synthesis occurred simultaneously [40, 41] . Given that EPS-evoked contractile activity significantly increased GLUT4 translocation to the cell surfaces of contracting C2C12 myotubes [17] , our present data indicate that glucose uptake is presumably mediated through translocated GLUT4 increased by EPS-evoked contraction, which in turn contributes to the augmented glycogen accumulation. Energy expenditure induced by the EPS-evoked contractile activity burden in the present study (2 ms, 1 Hz, 40 V/60 mm) was perhaps insufficient for consuming all incorporated glucose and, as such, surplus glucose was converted into glycogen under HG conditions (25 mM glucose) even while EPS was persistently applied. On the other hand, as we previously reported, under LG conditions, the extracellular glucose concentration became undetectably low after ~18 h of culture [42] , consequently resulting in a marginal intracellular glycogen content regardless of whether insulin was present ( Fig. 3C) .
Importantly, we also found that insulin stimulation of glycogen accumulation was further augmented in contracting myotubes under the HG condition with EPS. Although glycogen synthase (GS) is well-known to be activated by dephosphorylation via inactivation/phosphorylation of GS kinase-3 under insulin treatment, a recent report revealed that an allosteric GS activation by glucose-6-phosphate converted from the incorporated glucose through insulin-mediated GLUT4 translocation is the primary mechanism promoting muscle glycogen accumulation in vivo [43] . Thus, increased glycogen accumulations in contracting C2C12 myotubes in the presence of insulin are very likely to reflect increased glucose uptake mediated through GLUT4 translocation induced by both EPS-evoked contractile activity and insulin [17] . In any case, the present
